Prasain N, Alexeyev M, Balczon R, Stevens T. Soluble adenylyl cyclase-dependent microtubule disassembly reveals a novel mechanism of endothelial cell retraction.
cAMP IS A UBIQUITOUS SECOND messenger that exerts diverse, cell-specific signaling functions. In vascular endothelium, membrane-associated cAMP concentrations stabilize the cortical filamentous-actin (f-actin) rim, and facilitate junctional integrity necessary to strengthen barrier function (6, 11, 22, 33, 43) . The principal endothelial cell adenylyl cyclase that catalyzes cAMP production is inhibited by submicromolar calcium concentrations (11, 45) . Inflammatory agonists that increase cytosolic calcium therefore reduce membrane-associated cAMP, and this decrease in cAMP is necessary for the cell-cell border retraction that increases tissue edema (31, 44) . ␤-adrenergic agonists, such as epinephrine and isoproterenol, increase membrane-cAMP; increased cAMP reverses the permeability that accompanies inflammation (8, 12, 21, 31, 43, 45) . Thus, maintenance of membrane-associated cAMP is a critical determinant of endothelial cell barrier integrity (11, 31) .
A cAMP gradient exists between the plasma membrane, where cAMP is typically synthesized, and the bulk cytosol (36, 51) . Maintaining this gradient is essential to the physiological signaling role of cAMP. When soluble bacterial enzymes, such as exoY from Pseudomonas aeruginosa, synthesize cAMP within the cytosol rather than at the plasma membrane, the resulting cAMP signal induces cell rounding with retraction of cell-cell borders (40, 52) . These actions of exoY can be mimicked using a forskolin activated, soluble chimeric mammalian enzyme, soluble adenylyl cyclase I/II (sACI/II), which also localizes within the cytosol (39) . So while it is evident that cytosolic adenylyl cyclase activity induces endothelial cell retraction, the intracellular cAMP cytoskeletal target(s) that mediate this effect are unknown.
F-actin and microtubules dynamically interact to control cell shape (5, 19, 25, 27, 29) . The cortical f-actin rim stabilizes adherens and focal adhesion junctional integrity and interacts with microtubules near the cell periphery (13, 15, 19, 28, 42) . F-actin and microtubule reorganization must be coordinated for cell retraction to occur. Inflammatory agonists realign cortical f-actin into stress fibers, and simultaneously disassemble microtubules (1, 2, 4, 23, 34, (47) (48) (49) . Stabilizing either f-actin or microtubules attenuates intercellular gaps induced by inflammatory agonists (34, 35, 46) . Directly disrupting microtubules using nocodazole also realigns f-actin into stress fibers and induces endothelial cell gap formation (5, 50) . Moreover, administration of vinca alkaloids, which disrupt microtubules, causes pulmonary edema in breast cancer patients (9) . We, therefore, sought to determine whether activation of soluble adenylyl cyclase activity reorganizes microtubules and realigns cortical f-actin into stress fibers. Our results indicate that activation of sACI/II preferentially reorganizes microtubules without realigning f-actin into stress fibers. These results identify for the first time a unique signaling paradigm in which the production of a cytosolic cAMP pool uncouples microtubule reorganization from stress fiber formation in the course of endothelial cell retraction.
MATERIALS AND METHODS
Isolation and culture of pulmonary microvascular endothelial cells. Pulmonary microvascular endothelial cells (PMVECs) were isolated, cultured, and passaged in endothelial cell (EC) media (DMEMϩ 10% FBSϩ 100 U/ml penicillinϩ 100 U/ml streptomycin) using a method previously described (44) .
Retrovirus constructs and infection. Retroviral vectors encoding AcGFP1-␤-actin and AcGFP1-␣-tubulin fusions under control of cytomegalovirus promoter were constructed by inserting fragments encoding Pcmv-AcGFP1-␤-actin and Pcmv-AcGFP1-␣-tubulin from pAcGFP1-␤-actin and pAcGFP1-␣-tubulin plasmids (Clontech, Mountain View, CA), respectively, into puromycin resistance-encoding retroviral vector pMA1629 (pBABEpuro derivative, M. Alexeyev, unpublished data). Retroviral supernatants were generated by standard techniques in Phoenix ampho packaging cell line. Retroviral supernatants supplemented with 4 g/ml polybrene were added to 30 -40% confluent PMVECs, centrifuged at 2,000 rpm for 30 min at 20°C, and incubated for 40 to 48 h to allow for retroviral integration. Subsequently, retroviral supernatants were replaced with EC media containing puromycin (15 g/ml; Sigma-Aldrich, St. Louis, MO) to select for cells expressing the construct. Live cell confocal imaging was performed in the absence or presence of forskolin (10 mol/l; Tocris, Ellisville, MO) or isoproterenol (1 mol/l; Sigma-Aldrich) using PerkinElmer Ultraview RS-3 spinning disk confocal microscope (Nikon ECLIPSE TE2000) at an excitation wavelength of 488 nm and an emission wavelength of 510 nm.
Adenovirus construct and infection. Recombinant adenoviruses encoding soluble ACI/II were generated using a method previously described (17) . PMVECs stably expressing green fluorescent protein (GFP)-actin or GFP-tubulin were seeded on 25-mm circle microscope glass coverslips (Fisher Scientific, Pittsburgh, PA) in 6-well plates and grown to 70% to 90% confluence. Cells were infected with adenovirus expressing soluble ACI/II construct at multiplicity of infection 10:1 for 36 to 48 h; then, live-cell confocal imaging was performed in the absence or presence of forskolin (10 mol/l) or isoproterenol (1 mol/l) using PerkinElmer Ultraview RS-3 spinning disk confocal microscope at an excitation wavelength of 488 nm and an emission wavelength of 510 nm.
Confocal fluorescence microscopy. Live-cell confocal fluorescent images were acquired using PerkinElmer Ultraview RS-3 spinning disk confocal microscope (Nikon ECLIPSE TE2000) at an excitation wavelength of 488 nm and emission wavelength of 510 nm. Confocal images (of 0.4-m sections through cells) were captured using a charge-coupled device camera (Hamamatsu ORCA ER) for every 1 min for the first 5 min without drug treatment, and for another 30 min with forskolin (10 mol/l) or isoproterenol (1 mol/l), then all the confocal images were compressed into time-lapsed movies using PerkinElmer Ultraview software.
Microtubule Western blot analysis. Soluble fractions of microtubules from forskolin (10 mol/l) -treated or vehicle control-treated PMVECs expressing soluble ACI/II were isolated using a method previously described (26) . Briefly, cells were rinsed with PBS, extracted with soluble microtubule-extraction buffer (80 mmol/l PIPES, pH 6.8, 1 mmol/l EGTA, 1 mmol/l MgCl 2 with 25% glycerol and 0.5% TritonX-100) for 2 min, supernatant containing soluble tubulin was collected, cells were rinsed with additional extraction buffer, and supernatant was pooled with the original. Soluble proteins were suspended in 1ϫ SDS-PAGE sample buffer (Invitrogen, Carlsbad, CA), resolved in 4 -12% Bis-Tris gel (Invitrogen), transferred to nitrocellulose paper (Bio-Rad, Hercules, CA), and subjected to Western blot analysis using mouse monoclonal antibody to depolymerized ␤-tubulin (Covance, Berkeley, CA) or mouse monoclonal antibody to polymerized ␤-tubulin (Covance). Primary antibody binding to immunoreactive proteins was detected using horseradish peroxidaselabeled goat anti-mouse IgG (Santa Cruz Biotechnology, Santa Cruz, CA). Immunoreactive bands were detected using enhanced chemiluminescence detection system, according to manufacturer's protocol (Pierce, Rockford, IL).
Live-cell tubulin labeling. PMVECs expressing sACI/II were treated with vehicle control or forskolin (10 mol/l) for 30 min. Cells were washed with Kreb's buffer containing 2 mmol/l Ca ϩ2 , stained with 250 nmol/l tubulin Tracker Green Reagent (Molecular Probes, Eugene, OR), incubated for 30 min at 37°C-5% CO2, rinsed 3 times with Kreb's buffer containing 2 mmol/l Ca ϩ2 , and viewed using PerkinElmer Ultraview RS-3 spinning disk confocal microscope at excitation wavelength of 488 nm and emission wavelength of 510 nm.
Tau phosphorylation Western blot analysis. PMVECs expressing sACI/II were treated with vehicle control, forskolin (10 mol/l), or isoproterenol (1 mol/l) for 30 min. After 30 min of treatment, cells were washed with PBS, scraped in prewarmed 1ϫ SDS-PAGE sample buffer for 2 min and boiled for 10 min. The whole cell protein extracts suspended in 1ϫ SDS-PAGE sample buffer were separated in 10% Bis-Tris gel, transferred to nitrocellulose paper, and subjected to Western blot analysis using rabbit polyclonal antibody to phosphorylated-Ser214 residue of tau (Invitrogen). Primary antibody binding to immunoreactive proteins was detected using horseradish peroxidaselabeled goat anti-rabbit IgG (Santa Cruz Biotechnology). Immunoreactive bands were detected using enhanced chemiluminescence detection system according to manufacturer's protocol (Pierce).
Phalloidin staining and confocal microscopy. PMVECs expressing sACI/II were treated with vehicle control or forskolin (10 mol/l) for 30 min. Likewise, PMVECs were treated with forskolin (10 mol/l) and thrombin (10 U/ml; cat. no. T-5772, lot # 105K7555, from rat plasma; Sigma-Aldrich) as negative and positive controls, respectively. After 30 min of treatment, cells were washed with prewarmed PBS, fixed in 1-2% paraformaldehyde for 10 min at room temperature, permeabilized in 0.1% Triton-X-100 in PBS for 3-5 min, stained with 100 -150 nmol/l Alexa Fluor 635-congugated-phalloidin (Molecular Probes) in PBS for 20 min and washed with PBS. PerkinElmer Ultraview RS-3 spinning disk confocal system was used to image fixed cells at an excitation wavelength of 633 nm and an emission wavelength of 647 nm.
Myosin light-chain Western blot analysis. PMVECs expressing sACI/II were treated with vehicle control or forskolin (10 mol/l) for 30 min. Similarly, PMVECs were treated with forskolin (10 mol/l) and thrombin (10 U/ml) as negative and positive controls for myosin light chain (MLC) phosphorylation, respectively. After 30 min of treatment, cells were washed with PBS, scraped in prewarmed 1ϫ SDS-PAGE sample buffer for 2 min and boiled for 10 min. The whole cell protein extracts suspended in 1ϫ SDS-PAGE sample buffer were separated in 4 -12% Bis-Tris gel, transferred to nitrocellulose paper, and subjected to Western blot analysis using mouse monoclonal antibody to phosphorylated-Ser19 residue of MLC (Cell Signaling Technology, Danvers, MA) or rabbit polyclonal antibody to phosphorylated-Thr18/Ser19 residues of MLC (Cell Signaling Technology). Primary antibody binding to immunoreactive proteins was detected using horseradish peroxidase-labeled donkey anti-mouse or goat anti-rabbit IgG (Santa Cruz Biotechnology). Immunoreactive bands were detected using enhanced chemiluminescence detection system according to manufacturer's protocol (Pierce).
Hydraulic conductance (Lp) measurement. PMVECs were grown on the top of porous filters in Snapwell Polystyrene plates (Fisher Scientific) that allow for the measurement of fluid filtration at different transmembrane pressures. These cells were infected with an adenovirus expressing sACI/II construct and incubated for 36 -48 h. The confluent monolayers of cells that were expressing sACI/II were mounted on a Ussing-type chamber to measure filtration rate by timing fluid movement in a calibrated micropipette at a specific transmembrane pressure controlled by reservoir height. The transmembrane pressure and the filtration rate (corrected for surface area) were used to calculate hydraulic conductance in the presence or absence of forskolin (10 mol/l), as previously described (32) .
Statistical analysis. Unpaired two-tailed t-test with Welch's correction was used for comparison between two groups. A value of P Ͻ 0.05 was considered statistically significant. GraphPad Prism software was used for the statistical analysis. Data are presented as means Ϯ SD.
RESULTS

Activation of sACI/II reorganizes microtubules in PMVECs.
We initially sought to determine whether sACI/II activation reorganizes microtubules. To test this idea, PMVECs were infected with a GFP-tubulin-expressing retrovirus (Fig. 1A) , and cells expressing the construct were selected to homogeneity based upon their puromycin resistance. Elaborate microtubule structures emanating from centrosomes were resolved in GFP-tubulin-expressing PMVECs (Fig. 1B) . The microtubule networks visualized using GFP fluorescence resembled the endogenous microtubule pattern previously detected in these cells (data not shown), and while microtubule structures dynamically reorganized over a 30-min time course, they did not grossly change their architecture. We next stimulated endogenously expressed adenylyl cyclases (ACs) using forskolin and isoproterenol. Forskolin directly activates transmembrane ACs, whereas isoproterenol activates the ␤ 2 -adrenergic receptor in endothelium, and ␤ 2 -rececptor activation leads to G ␣s stimulation of transmembrane ACs. Neither forskolin (Fig. 1C) nor isoproterenol (Fig. 1D ) induced a gross change in microtubule patterning. Thus, activation of endogenously expressed transmembrane ACs does not change the global organization of microtubules in PMVECs over a 30-min time course.
To determine whether soluble AC activity produces a cAMP pool that reorganizes microtubule architecture, GFP-tubulinexpressing PMVECs were infected with an adenovirus to express the sACI/II construct. Live-cell confocal imaging was performed in the presence or absence of forskolin. Peripheral microtubule networks remained intact over the 30-min time course in control experiments ( Fig. 2A) . Forskolin treatment, which simultaneously activates both transmembrane ACs and sACI/II, reorganized peripheral microtubules and induced gaps between adjacent cells within 15 min (Fig. 2B ). This effect was progressive, peaking at the 30-min time point. Despite reorganizing peripheral microtubules, forskolin stimulation of sACI/II did not appear to abolish microtubule nucleation at the centrosome. Isoproterenol does not stimulate the sACI/II when it is expressed in cells, and it serves as a treatment control (17, 39) . As in time controls, isoproterenol did not grossly alter microtubule morphology (Fig. 2C) . Thus, activation of sACI/II increases a cytosolic cAMP pool that reorganizes microtubules important for interendothelial cell gap formation.
To further examine whether activation of sACI/II reorganizes peripheral microtubules, we measured fluorescence intensity of microtubule polymers specifically at cell-cell borders in PMVECs expressing sACI/II. Fluorescence intensity decreased modestly in time controls due to photobleaching (Fig. 3, A and C) . However, as illustrated in Fig. 3A , peripheral microtubule structures remained intact. In forskolin-treated cells, fluorescence intensity of microtubule polymers was decreased significantly compared with control cells (Fig. 3, B and C) . The decrease in fluorescence intensity of microtubule polymers in forskolin activated sACI/II expressing cells was due to endothelial gap formation, suggesting that activation of sACI/II, but not transmembrane ACs, generates a cAMP pool that reorganizes microtubules important for interendothelial cell gap formation.
We next sought to determine whether forskolin activation of sACI/II depolymerizes microtubules. PMVECs expressing sACI/II were treated with either vehicle control or forskolin for 30-min, lysed, and lysates subjected to Western blot analysis for depolymerized and polymerized microtubules. Forskolin increased depolymerized, and decreased polymerized, tubulin, compared with control cells (Fig. 3, D and E) . These findings support the idea that activation of sACI/II increases a cytosolic cAMP pool that reorganizes peripheral microtubules.
To confirm that our observations using GFP-labeled tubulin were representative of the reorganization that occurs in endogenously expressed microtubules, we labeled endogenous microtubules with Tubulin Tracker Green Reagent. The sACI/II expressing PMVECs were treated with vehicle control or forskolin for 30 min. In sACI/II-expressing cells, forskolin reduced polymerized microtubule polymers and disrupted the endothelial barrier, just as we observed in GFP-tubulin expressing cells (Fig. 3F ). These observations indicate that activation of sACI/II increases a cytosolic cAMP pool that not only reorganizes expressed GFP-labeled microtubules, but also reorganizes endogenous microtubules.
PKA phosphorylation of tau, on serine 214 (Tau-Ser214) results in microtubule disassembly (14) . We, therefore, examined whether forskolin activation of sACI/II promotes TauSer214 phosphorylation. sACI/II expressing cells were treated with vehicle control, forskolin, or isoproterenol for 30 min, lysed, and Tau-Ser214 phosphorylation status was examined. Whereas forskolin increased Tau-Ser214 phosphorylation, isoproterenol was without effect. These findings suggest that activation of sACI/II results in PKA phoshorylation of TauSer214, which promotes microtubule disassembly (14) .
Forskolin activation of sACI/II is reversible. To determine whether activation of sACI/II irreversibly, or revers- ibly, disassembles microtubules, we stimulated sACI/IIexpressing cells with forskolin for 30 min and then washed out the agonist and examined microtubule organization for 3 h. As is seen in Fig. 4A , forskolin reorganized microtubules, as observed in Fig. 2B . Over 3 h, however, a recovery of normal microtubule architecture was seen, illustrating the reversible nature of this cAMP-dependent signal.
We examined whether microtubules represent a centrally important cAMP effector necessary for gap formation. In this case, paclitaxel was administered to sACI/II-expressing cells for a 3-h time course before forskolin was applied. Paclitaxel stabilized microtubules in control cells and prevented forskolin from reorganizing microtubules (Fig. 4B) . Paclitaxel also prevented forskolin from inducing interendothelial cell gaps, indicating that microtubule reorganization is essential for activation of sACI/II to disrupt the endothelial cell barrier.
Activation of sACI/II does not reorganize the cortical actin rim into stress fibers. We next examined whether gaps induced by activation of sACI/II are due, in part, to stress fiber formation, or whether the cortical actin rim remains intact. To test this idea, we prepared retrovirus to express GFP-actin. PMVECs were infected with the GFP-actin-expressing retrovirus, and cells expressing the construct were selected to homogeneity (Fig. 5A ). Live-cell confocal imaging of GFP fluorescence revealed a dense peripheral actin rim, similar to the endogenous actin rim previously observed in these cells using phalloidin staining (4, 6, 22, 34, 35, 43) . Cortical actin was stable and did not dynamically reorganize over a 30-min time course (Fig. 5B) . Neither forskolin (Fig. 5C) nor isoproterenol (Fig.  5D ) disrupted the cortical actin rim. Thus, activation of membrane ACs does not reorganize peripheral actin into stress fibers, and likely strengthens it, as previously suggested by studies using phalloidin staining (6, 22, 43).
To determine whether soluble AC activity produces a cAMP pool that disrupts peripheral actin, GFP-actin-expressing PMVECs were infected with an adenovirus to express the sACI/II construct. sACI/II-expressing PMVECs displayed normal junctional integrity, as well as a typical cortical actin rim, over a 30-min time course in control experiments (Fig. 6A ). In contrast, forskolin induced gaps between adjacent cells that were prominent by 15 min, and that peaked by 30 min (Fig. 6B) . Despite inducing interendothelial cell gaps, activation of sACI/II did not overtly disrupt the cortical actin rim, and it did not induce stress fiber formation. As in time control experiments, isoproterenol (Fig. 6C) neither disrupted the endothelial cell barrier, nor reorganized the cortical actin rim. Thus, activation of sACI/II increases a cytosolic cAMP pool that does not disrupt cortical actin cytoskeletal networks and still induces endothelial gap formation.
To further examine whether activation of sACI/II reorganizes the cortical actin rim into stress fibers, we labeled f-actin in sACI/II-expressing cells using phalloidin staining. Either vehicle control or forskolin was added to cells for 30-min, and the actin architecture was examined. As in our studies using GFP-actin, forskolin induced gaps between adjacent cells, but it did not reorganize cortical actin into stress fibers (Fig. 7A) . Thrombin was used as a positive control in PMVECs that were not expressing sACI/II, as it is widely recognized to induce stress fiber formation (34) . Whereas thrombin treatment eliminated the cortical actin rim, and induced stress fiber formation, forskolin treatment was without effect in cells lacking sACI/II expression (Fig. 7A) . Thus, activation of sACI/II generates a cytosolic cAMP pool that induces endothelial cell gap formation (39), without reorganizing cortical actin into stress fibers.
We examined whether activation of sACI/II decreases MLC 20 phosphorylation. sACI/II-expressing cells were treated with vehicle control or forskolin for 30-min, and MLC 20 phosphorylation was examined. As shown in Fig. 7 , B and C, forskolin stimulation decreases MLC 20 phosphorylation, providing a potential explanation for why gaps form in endothelial cells without concomitant stress fiber formation.
Activation of sACI/II increases endothelial permeability. We next examined whether gaps formed between adjacent PMVECs were sufficient to increase permeability. Hydraulic conductance (Lp) measurements were performed in PMVECs expressing sACI/II in the presence or absence of forskolin. Hydraulic conductance measures water permeability for any transmembrane pressure. Forskolin increased the hydraulic conductance in PMVECs, compared with controls (Fig. 8) . These results validate the idea that sACI/II increases a cytosolic cAMP pool that induces endothelial gaps and increases permeability.
DISCUSSION
Cell shape is dynamically controlled by interactions between f-actin and microtubules (25, 27, 29) . In endothelium, a cortical actin rim stabilizes the junctional complexes, such as the cadherin-catenin complex, which are necessary to maintain barrier function (13, 28) . Microtubules extend from the centrosome in anterograde fashion to abut the cortical actin rim, where they indirectly interact with f-actin and also stabilize cell shape (15, 42) . cAMP that is synthesized at the plasma membrane strengthens the cortical actin rim, and promotes the indirect interaction between cortical actin and peripheral microtubules (6, 11, 22, 24, 33, 37, 38, 41, 43) . In stark contrast to these actions of transmembrane adenylyl cyclases, exoY, and sACI/II synthesize cAMP within the bulk cytosol, away from the plasma membrane (39, 40) . cAMP synthesis within the cytosol retracts endothelial cell borders (39, 40) . Our present studies examined whether cytosolic cAMP synthesis initiates f-actin or microtubule reorganization as a necessary prerequisite to endothelial cell gap formation. Whereas sACI/II activation resulted in Tau-Ser214 phosphorylation and reorganization of peripheral microtubules at sites of cell retraction, f-actin did not reorganize from a peripheral actin rim into centripetally directed stress fibers. Our findings illustrate the preferential targeting of cAMP that is synthesized within the cytosol to microtubule structures and demonstrate that cell border retraction can occur in the absence of concomitant stress fiber formation.
Microtubule disassembly is sufficient to retract endothelial cell borders (2, 50) , and therefore it is not surprising that sACI/II-induced microtubule reorganization was accompanied by gap formation and increased permeability. However, cAMP control of microtubule architecture remains poorly understood. Activation of transmembrane adenylyl cyclases inhibits nocodozole-induced microtubule disassembly (3). The mechanism for such a protective effect of membrane-localized cAMP is unknown, although it is not likely due to direct PKA phosphorylation of microtubules or their associated proteins. Tau and microtubule-associated proteins (MAP) stabilize microtubules (16) . The direct PKA phosphorylation of tau and MAP(s) release them from microtubules, resulting in microtubule disassembly into ␣/␤ heterodimers (18) . Indeed, our recent findings indicate that tau is not typically PKA phosphorylated following the direct activation of transmembrane adenylyl cyclases (14) . Yet, when tau is PKA phosphorylated on Ser214, it is released from microtubules, allowing their disassembly. We now provide evidence that activation of sACI/II results in Tau-Ser214 that enables microtubule reorganization leading to gap formation.
Recent discovery of the ubiquitously expressed mammalian soluble adenylyl cyclase 10 (AC10) provides a putative cAMP source that may regulate tau phosphorylation status and, hence, microtubule architecture (7, 10, 53) . AC10 localizes to the centrosome and its associated microtubules and has been incriminated in control of microtubule organization during cell division (53) . Thus, the sACI/II-dependent reorganization of microtubules described presently may be indicative of an important physiological role for AC10 during mitosis. In addition, since sACI/II and exoY act similarly to disrupt the endothelial cell barrier (39, 40) , our present findings suggest that exoY may hijack this microtubule regulatory control mechanism as a means of increasing endothelial cell permeability.
While activation of sACI/II reorganized microtubules, it did not reorganize the cortical actin rim into stress fibers. This was a surprising observation, since both microtubule disassembly and stress fiber formation are thought to be necessary for cell retraction to occur (1) (2) (3) (4) (5) (6) 50) . Nocodazole-induced microtubule disassembly is accompanied by stress fiber formation (5, 50) , and neurohumoral inflammatory mediators that disassemble microtubules also promote stress fiber formation (1, 2, 4, 6, 34,  35, 48, 49 ). In the latter case, either stabilizing microtubules or Fig. 6 . Forskolin stimulation of sACI/II increases cytosolic cAMP, and induces endothelial gap formation without disrupting cortical actin cytoskeletal networks. PMVECs that are stably expressing GFP-actin were infected with an adenovirus expressing the sACI/II. Live cell confocal imaging was performed for the first 5 min without treatment, and for another 30 min in the presence of forskolin (10 mol/l) or isoproterenol (1 mol/l). A: in vehicle control cells, cortical actin cytoskeletal networks were not disrupted, and endothelial gaps were not formed (n ϭ 3). B: in forskolin-treated cells, cortical actin cytoskeletal networks were not disrupted, but endothelial cell gaps were formed (arrows denote endothelial gaps, n ϭ 7). C: in isoproterenol-treated cells, cortical actin cytoskeletal networks were not disrupted, and endothelial gaps were not formed (n ϭ 6). The scale bars represent 25 m.
inhibiting stress fiber formation attenuates inflammatory mediator-induced endothelial cell gaps, suggesting both processes are essential for cell retraction to proceed. We confirmed this idea in this study, as thrombin acutely disassembled peripheral actin and induced stress fibers. Indeed, our observations represent the first evidence that microtubule reorganization in the absence of concomitant stress fiber formation is sufficient to retract endothelial cell borders.
We considered how sACI/II activation prevents stress fiber formation. Microtubule disassembly activates myosin lightchain kinase, which phosphorylates MLC 20 and promotes actomyosin interaction (50) . In addition, RhoA activates Rho kinase, which phosphorylates and inactivates myosin-associated phosphatase, resulting in increased MLC 20 phosphorylation (4, 5) . cAMP opposes the actions of both myosin lightchain kinase and RhoA; PKA directly phosphorylates both myosin light-chain kinase and RhoA, and decreases MLC 20 phosphorylation (3, 20, 23, 30, 33) . In our experiments, sACI/II activation decreased MLC 20 phosphorylation, providing an explanation for why stress fibers did not form. It is interesting that in control cells, neither forskolin nor isoproterenol reduced MLC 20 phosphorylation (data not shown). Indeed, in our present studies, forskolin only decreased MLC 20 phosphorylation in cells expressing the sACI/II. There is con- Fig. 7 . Forskolin stimulation of sACI/II increases cytosolic cAMP and induces endothelial gap formation without reorganizing cortical actin cytoskeletal networks into stress fibers. PMVECs were treated with forskolin (10 mol/l) or thrombin (10 U/ml) for 30 min. Similarly, PMVECs expressing sACI/II were treated with or without forskolin (10 mol/l) for 30 min. Cells were subjected to phalloidin staining to assess actin stress fibers, as well as to Western blot analysis to evaluate MLC20 phosphorylation. A: forskolin stimulation of sACI/II induces endothelial gap formation without disrupting cortical actin cytoskeletal networks and reorganizing them into stress fibers. Thrombin induces endothelial gap formation by disrupting cortical actin cytoskeletal networks and reorganizing them into stress fibers (positive control). Forskolin-treated PMVECs and control PMVECs expressing sACI/II neither form endothelial gaps nor reorganize cortical actin into stress fibers (negative controls, n ϭ 3). The scale bars are equal to 25 m. B: forskolin decreased MLC20 phosphorylation in PMVECs expressing sACI/II (n ϭ 3). Summary data are shown in C. *P Ͻ 0.05. troversy regarding whether myosin light-chain kinase, or RhoA, represents a physiologically relevant cAMP/PKA effector in vivo. Our findings would support the idea that cAMP generated by the sACI/II more effectively inhibits MLC 20 phosphorylation than does cAMP generated by transmembrane ACs. Thus, sACI/II generates cAMP in a location that is readily accessible to the cell's contractile machinery.
It is not clear how microtubule reorganization in the absence of stress fiber formation allows for loss of cell-cell adhesion. Indeed, the cortical actin rim coordinates adherens and tight junction proteins to stabilize junctional strength. Realignment of cortical actin into stress fibers is accompanied by coordinated loss of cell-cell junctional integrity. It will be essential to determine whether microtubule reorganization is uniquely coupled to a subset of junctional proteins that do not require loss of the cortical actin rim to initiate gap formation.
In summary, activation of sACI/II is sufficient to induce endothelial cell retraction and increase permeability. cAMP that is generated from sACI/II reorganizes microtubules, and inhibits stress fiber formation. Indeed, interendothelial cell gap formation can proceed in the absence of stress fiber formation.
